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ABSTRACT  
 
Water scarcity has become one of the global systemic risks, prompting the development 
of more efficient filtration technology. Recently, increased attention has been given to low cost 
membrane materials such as polyacrylonitrile (PAN) nanofibrous mesh for water filtration. In 
this study, electrospun PAN nanofibrous membranes were functionalized with zinc oxide (ZnO) 
nanoparticles and coated with a layer of electrospun chitosan (Cs), in order to improve the 
mechanical properties, and anti-bacterial and water filtration performance of the membrane. 
Morphological analysis revealed that the PAN/ZnO-Cs membrane featured a structural hierarchy 
comprising a layer of highly porous structure of nanofibrous PAN membranes and a less fibrous 
and thinner layer of Cs coating. Addition of the Cs layer increases the tensile strength and elastic 
modulus of the membranes. Results acquired from water permeability test indicated that the bi-
layer membranes possessed adequate transport properties for typical membrane applications. The 
additional Cs layer and ZnO nanoparticles significantly improved the heavy metal ion adsorption 
performance of the PAN membranes. The efficiency of the membrane for bacteria filtration, 
parameterizes by the log reduction value, for PAN/ZnO-Cs membranes is 2 orders of magnitude 
higher than PAN membranes; the efficiency of the membrane for antibacterial action (i.e. in 
terms of log reduction value) for the former is 6 orders of magnitude higher than the latter. These 
results indicate the PAN/ZnO-Cs membranes are structurally more stable than PAN membranes, 
better at bacteria removal during the filtration process and better at self-cleaning (i.e. membrane 
biofouling resistance) than PAN membranes, signifying the potential of these membranes for 
water filtration applications. 
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INTRODUCTION 
 
The demand for clean drinking water is fundamental for human life and it has sparked 
immense interest in production of high efficient filtration devices which employ advanced 
functional nanosized materials such as nanofibers. Electrospinning, a simple and cost effective 
method, has been extensively used to produce nanofibrous filtration membranes with small pore 
size, large pore volumes and excellent mechanical stability [1,2]. Nanofibrous filtration 
membranes are made of randomly laid nano-sized fibers which can effectively filter out particles 
by the size exclusion mechanism [3]. Furthermore, incorporation of specific functionality on the 
surface of these membranes extends their ability to perform a one step removal of 
microorganisms and chemical compounds along with sized-based separation [4].  
 
Electrospun polyacrilonitrile (PAN) nanofibrous membranes find applications in many 
areas such as electrically conductive nanofibers, wound dressing, biocatalyst, tissue scaffolding, 
and drug delivery systems [5]. High chemical resistance, thermal stability and wetability of PAN 
nanofibers [6] have led to their extensive use as ultrafiltration [7] and nanofiltration [8] 
membranes. However, incorporation of functional chemicals and polymers is required in order to 
enhance their performance for heavy metals adsorption and removal of microorganisms. 
 
 Chitosan (Cs) is the derivate of chitin (the second most abundant biological 
polysaccharide). Chitosan has received a considerable attention due to its unique properties such 
as biodegradability and non-toxicity as well as heavy metal ion adsorption and antibacterial 
performance. Owing to these exceptional properties, chitosan finds applications in many areas 
such as food preservation, wound dressing, drug delivery and biosensors [9–13]. Furthermore, 
Several studies have been done on inherent antimicrobial character of chitosan exerted towards 
bacteria and viruses for water filtration application [14,15]. It has been reported that 
electrospinnability of chitosan has been restricted due to its polycationic nature in solution, rigid 
chemical structure and specific inter and intra-molecular interactions [16]. Therefore, addition of 
a synthetic biodegradable polymer such as poly(vinyl alcohol) (PVA) [17]  or poly(ethylene 
oxide) (PEO) [18] to the chitosan solution can improve the electrospinnability of chitosan, 
leading to formation of nanofibrous membranes containing high degree of chitosan nanofibers. 
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Electrospun composite chitosan membranes with high antibacterial and adsorption 
properties have been extensively studied for water filtration applications. In most cases, chitosan 
has been used as a coating layer on the surface of a non-woven membrane of a synthetic polymer 
with high mechanical stability. For instance, Desai et al. [14] fabricated nanofibrous filter media 
by electrospinning of chitosan/PEO blend solutions onto a spunbonded non-woven 
polypropylene substrate. Results indicated 2–3 log reduction in bacterial colonization of 
Escherichia coli after 6 hours of contact time. In another study, Cooper et al. [19] reported that 
chitosan/polycaprolactone(PCL) fibrous membranes significantly reduced Staphylococcus 
aureus bacterial colonization compared to PCL fibrous membranes. Furthermore, Haider et al. 
[20] investigated the heavy metal ion adsorption performance of chitosan nanofibrous 
membranes. Results indicated the highly effective performance of the membranes in adsorption 
of toxic metal ions such as Cu(II) and Pb(II) . 
 
Recently, there have been several reports on the incorporation of metallic and metal oxide 
materials into electrospun polymers for improving the antibacterial performance [21–23]. These 
inorganic materials have attracted particular interest due to their stability in harsh processes and 
minimal toxicity [24]. For instance, Dasari et al. [25] reported on the fabrication of electrospun 
polylactic acid (PLA) membranes embedded with Ag and Cu. Antibacterial action of the 
membranes were characterized using Saccharomyces cerevisiae bacteria; the findings reported 
that the membrane has an appreciable effect on the bacterial, reducing the bacteria population by 
85%. Metal oxides, such as ZnO, possess bactericidal properties and can inhibit both gram-
positive and gram-negative bacteria [26,27]. Hwang et al. [28] evaluated the antibacterial action 
of electrospun ZnO/TiO2 composite fibrous membrane and found that the presence of ZnO 
nanoparticles on the surface of the nanofibres exhibited appreciable antibacterial effects against 
gram-negative Escherichia coli and gram-positive Staphylococcus aureus. Moreover, since ZnO 
can facilitate a high amount of surface active sites for adsorption of heavy metal ions from an 
aqueous solution, it is a promising candidate for the removal of contaminants from the 
environment [29]. For instance, ZnO nano-sheets that have been prepared via a hydrothermal 
approach exhibit good sorption capacity for Pb2+ due to presence of surface hydroxyl groups (Ma 
et al. [30]). 
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 Here we report on a study to synthesize electrospun PAN-Cs bi-layer fibrous membranes 
coated with ZnO nanoparticles. Chemical structure and morphological properties of the fibrous 
membranes were examined by field emission scanning electron microscope (FE-SEM), scanning 
transmission electron microscope (STEM), Fourier transform infrared spectroscopy (FTIR) and 
X-ray diffraction (XRD). Mechanical properties of the fibrous membranes were investigated by 
tensile tests while the membrane capacity for heavy metal ion adsorption was evaluated by 
inductive coupled plasma-optical emission spectrophotometer (ICP-OES). Both bacteria 
filtration and anti-bacterial performance of the membranes were evaluated by antibacterial 
assays. The permeability of the membranes was measured by water flow permeability tests. 
 
EXPERIMENTAL  
 
Materials  
 
Polyacrylonitrile (Mw=150 KDa), chitosan (Mw=50KDa) with 75 - 85% DD and Poly(ethylene 
oxide)  (Mw = 900 KDa) were purchased from Sigma Aldrich. Zinc oxide (Zano®20) was 
donated by Umicore. The spinning solvent dimethyl sulfoxide (DMSO) was purchased from 
Fischer Scientific while acetic acid was purchased from R&M Chemicals. 
 
Preparation of electrospun nanofibrous membranes 
 
In order to make an 8 w/w % PAN solution, 0.86 g of polymer pellets were dissolved in 10 ml of 
99.6% DMSO and stirred for 6 hours until the solution became homogenous. Furthermore, 5 
w/w% ZnO were added to the PAN solution and stirred for 6 hours in order to make PAN/ZnO 
solution. The PAN and PAN/ZnO solutions were electrospun onto a rotating drum (300 rpm) via 
an electrospinning device (NB-EN1, NanoBond), containing a metallic needle, a feed pump and 
a high voltage power supply. These solutions were electrospun with flow rate of 1.4 mL/hr, 
having distance of 15 cm and voltage that ranged from 13 to 14 kV. Furthermore, 3g of chitosan 
powder and 3g of PEO powder were separately added to 50% (v/v) acetic acid and stirred for 24 
hours, resulting in a 3% (w/v) chitosan and 3% (w/v) PEO solution. These solutions were mixed 
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together in chitosan/PEO ratio of (70:30) and then electrospuned on PAN and PAN/ZnO membranes 
for 1.5 hours with flow rate of 0.2 mL/hr, distance from rotating collector of 10 cm and voltage of 
17-18 kV. Schematic drawing of PAN/Cs/ZnO membrane has been shown in Figure 1. 
 
 
Figure 1. Schematic diagram of the structural hierarchy of the PAN/ZnO-Cs bi-layer membrane 
 
Characterization of membranes 
 
Morphology analysis 
 
The morphologies of electrospun membranes were observed under ultra-high resolution 
field emission scanning electron microscope (FE-SEM, Hitachi SU8010). To prevent 
electrostatic charging during observation, the samples were coated with a thin layer of platinum. 
Fiber diameter and porosity of the membranes were measured by Image J analysis software.  
 
Tensile analysis 
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Mechanical properties of the membranes were calculated by a strip tensile test technique 
based on the ASTM D882-02 standard. Each film was cut into strips (10.0×2.5 cm) and 
stretched to break at rate of 2 mm/min suing a TA XT PlusTexture Analyzer (Stable Micro 
System, UK). The width and the thickness of the samples (which varied between 0.016 to 0.04 
mm) were used to determine the nominal cross-sectional area of the respective samples. 
Statistical analysis  (commercial software SPSS, v.18) was carried out using One-way analysis of 
variance (ANOVA) together with Turkey’s post hoc test to evaluate for differences in the 
mechanical properties among the four different membranes, namely PAN, PAN/ZnO, PAN-Cs 
and PAN/ZnO-Cs. A test was regarded as significance when the p<0.05. In the discussion that 
follows, where appropriate, we may use the mean ± standard deviation when stating the results.  
 
Fourier transform infrared (FTIR) analysis 
 
FTIR spectroscopy (Thermo Scientific IS10) was conducted to identify the chemical 
interactions occurring inside the electrospun membranes and the chemical compositional 
homogeneity of the samples. All spectra were obtained for wavelengths of 600 to 4000 cm-1 with 
32 scans per specimen at 0.4 cm-1 resolution. 
 
X-ray diffraction (XRD) analysis 
 
To investigate the crystalline structure of the electrospun samples, X-ray diffraction 
(XRD) of both powder and membrane samples was carried out using the D8 Discover X-ray 
diffractometer (Bruker, Germany) with nickel-filtered Cu (K) radiation. The data were 
collected at 0.02 intervals, with counting for 0.5 seconds at each step (I am not sure what 
‘counting for 0.5 seconds at each step’ means..) in the 2θ range of 5-60º at 40 KV and 40 mA. 
 
Water flux and porosity measurement 
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Membrane permeability versus feed pressure was characterized through a pure water 
dead-end filtration module (Syringe Filter Holder 25 mm, Sartorius). The dried electrospun 
membrane was placed in the membrane module and the water was passed through by applying 
feed pressures between 19-157 KPa with an increment of 20 KPa. Permeation flux was 
calculated by: 
J =Q / [ADt]      (1) 
where J is the permeation flux (L.m-2h-1), Q is the permeation volume (L) of the testing solution, 
A is the effective area of the tested substrate (m2) and ∆t is the sampling time (h). 
 
In order to measure the porosity of the electrospun membranes, superficial water (i.e. the 
excess water on the membrane surface) was blotted off from them after they have been 
impregnated in the water. These membranes were then weighed and dried in an air-circulating 
oven at 50 °C for 5 hours before measuring the dry weight. The porosity of the membranes was 
calculated using the following equation:  
 
    P =100´[W0 -W1] / {Ah}     (2) 
where P is the membrane porosity (%); W0 and W1 are the masses (g) of the wet and dry 
membranes, respectively; A is the membrane surface area (cm2) (is this ‘A’ the same as in 
Equation 1?); h is the membrane thickness (cm). The membrane porosity of each sample was 
measured several times and the results were reported as an average [31]. 
 
Heavy metal adsorption 
 
In Cr(III) adsorption test, 10 mg of CrK(SO4)2·12H2O(Sigma-Aldrich) was mixed in 1 liter of 
deionized water. A 10 mL aliquot of Cr(III) solution was driven through electrospun membranes 
with thickness ranging from 0.042 to 0.072 mm at a rate of 1 mL/min using a syringe pump. The 
Cr(III) concentrations of the feed solution and permeate filtrate were determined by inductive 
coupled plasma-optical emission spectrophotometer (ICP-OES Perkin Elmer Optima 8000). 
Total concentration rejection (R) in adsorption of Cr(III) was given by 
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R =100´[C f -Cp] /C f     (3) 
 
where Cf and Cp represent the Cr (III) concentrations (CFU/ml) of the feed solution and permeate 
filtrate, respectively. 
Bacteria filtration 
 
Gram negative bacteria Escherichia coli (E. coli ATCC 29522) and Gram positive 
bacteria Enterococcus faecalis (E. faecalis ATCC 29212) were used for inoculation of the 
"influent" water sample. E. coli and E. faecalis are often used as indicators of human and animal 
fecal contamination of water. Bacteria were cultured in Luria-Bertani broth (LB) for 24 hours 
aerobically at 37 C. To remove any residual growth medium, bacteria cultures were centrifuged 
at 10000 x g (?) for 1 minute, supernatant was discarded and pellet was resuspended in 
autoclaved distilled water. These washing processes were repeated twice to remove any 
remaining nutrients from the culture medium. The pellet was adjusted to 0.5 McFarland Standard 
(OD of 0.08-0.10 at 625nm) which corresponds to a bacterial concentration of ∼107 colony 
forming units (CFU/ml). Bacteria filtration performances of all membranes were evaluated 
according to Daels et al. [32] with some modifications. Each membrane with thickness ranging 
from 0.042 to 0.072 mm was cut into circle with 25 mm diameter and sterilized under UV light 
for 30 minutes, while filter holder (syringe filter holder 25 mm, Sartorius) was autoclaved for 15 
min at 121 C. Membranes were fitted into filter holders and preconditioned by passing 3 mL of 
sterile distilled water. Next, 3 mL of bacterial suspension was filtered through the membranes 
using a syringe pump. The filtrate was then serially diluted with sterile distilled water up to 10-8 
concentration. Viable counts were determined by spread plating on Luria-Bertani agar and 
incubated overnight at 37 °C aerobically. All measurements were performed in triplicate. The 
bacterial retention ratio was calculated in terms of LRV (Log Reduction Value) defined as 
LRV = log(C f /Cp ).      (4) 
Furthermore, the morphology of trapped bacteria was investigated using a field emission 
scanning electron microscope (FE-SEM, Hitachi SU8010). Bacterial cells were fixed to the 
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membrane with 2.5 % (v/v) glutaraldehyde in sterile phosphate buffer saline (PBS) for six hours. 
The fixed bacterial cells on the membrane were then serially dehydrated with 20% (v/v) ethanol 
in sterile distilled water, followed by 40, 60, 70, 80, 90 and 95% (v/v) ethanol in sterile distilled 
water and lastly with absolute ethanol for 10 minutes each.  
 
Antibacterial performance of the membranes 
 
To examine the antibacterial properties of electrospun membranes, E. coli ATCC 25922 
was cultured in Luria-Bertani broth (LB) at 37C for 24 hours. Bacteria were washed twice with 
sterile distilled water and adjusted to OD of 0.08-0.10 at 625 nm, which corresponds to a 
bacterial concentration of ∼107 colony forming units (CFU/ml). Membranes having thickness 
between 0.017 to 0.035 mm were cutted into square pieces of 20 x 20 mm and sterilized under 
UV light for 30 minutes. Subsequently, 100 μL of bacterial suspension was pipetted onto each 
membrane and antibacterial performance was measured until 24 hours of contact time with 2 
hours interval. At each time point, the membrane and the 100-µL of bacterial suspension were 
introduced to 5 ml of sterile distilled water and vortexed for 2 minutes to promote disaggregation 
of bacteria from the membranes. Antibacterial performance of the membranes was calculated in 
terms of LRV (how was LRV calculated here as compared to previous section?) as stated in 
Equation 4 previously. Experiment was performed in triplicates to account for repeatability. 
RESULTS AND DISCUSSION 
Morphology Analysis 
 
The morphology of electrospun membranes is illustrated in Figure 2. Electrospun PAN 
membrane exhibited a randomly oriented, ultrafine, and well-uniformed structure (Figure 2a, e). 
Under the specified electrospinning conditions, the diameters of electrpsun PAN nanofibers 
highly populated within the range of 450−550 nm with an average diameter of 484 nm. 
Furthermore, incorporated ZnO (5 w/w %) nanoparticles did not affect the average fiber diameter 
of PAN, but formed minor agglomeration and clusters along the PAN fibers axis, which 
disturbed the rigidity of some of fibers (Figure 2b, f). Micrographs of electrospun PAN/Cs 
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(Figure 2c) and PAN/ZnO-Cs (Figure 2d) membranes illustrated that chitosan layer has almost a 
fibrous structure in most areas while spots with film-like structure were also observed, attributed 
to high viscosity of chitosan solution which hindered the smoothness of electrospinning process. 
It can be seen that chitosan nanofibers are well overlapped on PAN fibers (Figure 2g) and 
PAN/ZnO (Figure 2h) fibers while forming linkages between them. These linkages can provide 
improvements in mechanical and thermal properties of PAN and PAN/ZnO membranes, which 
will be further discussed. 
 
 
Figure 2.FESEM micrographs of electrospun nanofibrous membranes at low (top row) and high 
(bottom row) magnifications. Electrospun (a,e) PAN, (b, f) PAN/ZnO, (c, g) PAN-Cs, (d, h) 
PAN/ZnO-Cs membranes. Micrographs below f and g are magnified to reveal the arrangement of 
the fibers and nanoparticles.   
 
 
Figure 3 shows a FESEM image of the cross-section of an electrospun PAN/ZnO-Cs 
membrane. It can be seen that PAN membrane is covered by a thin layer of electrospun chitosan 
which appears somewhat less fibrous and less porous in comparison to the electropsun PAN 
membrane. 
a b c 
g f e 
d 
h 
50.0 µm 50.0 µm 50.0 µm 50.0 µm 
5.0 µm 5.0 µm 5.0 µm 5.0 µm 
500 nm 2.0 µm 
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Figure 3. FESEM micrographs of a cross-section of an electrospun PAN/ZnO-Cs membrane. 
 
STEM micrographs of electrospun PAN/ZnO membranes reveal the presence of ZnO 
nanoparticle clusters along the surface of the PAN nanofibers (Figure 4a-c). Agglomerates of 
ZnO nanoparticles may have a negative effect on the mechanical properties of the electrospun 
PAN membranes. 
 
 
Figure 4. STEM micrographs of electrospun PAN/ZnO membranes. Scale bars represent 500 
nm. 
 
In summary, the following structural hierarchical levels can be identified in the membranes of 
PAN, PAN/ZnO, PAN-Cs and PAN/ZnO-Cs: (1) the fibrous structure of the (i.e. mono-layer 
versus bi-layer) membrane (Figure 3); (2) the structure of the nanofibres (Figure 2 e-h) and (3) 
the arrangement of the ZnO particles on the PAN nanofibres (the magnified view of Figure 2 g).  
 
 
Fourier transform infrared (FTIR) analysis 
 
a b c 
50.0 µm 
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Figure 5 shows the FTIR spectra of electrospun PAN, PAN-Cs, PAN/ZnO and 
PAN/ZnO-Cs membranes along with the raw materials of chitosan, ZnO and PAN. In the FTIR 
spectrum of chitosan (Figure 5b), characteristic peaks of carbonyl stretching of the secondary 
amide band (amide I) and the N–H bending of the primary amino groups were observed at 1654 
cm−1 and 1590 cm−1, respectively. Furthermore, characteristic peaks of saccharide structure of 
chitosan were observed at 1149 cm−1 and 893 cm−1 [33]. FTIR spectra of electrospun PAN and 
PAN/ZnO (Figure 5d-e) membranes indicated a shift in vibrational bands of C−N groups from 
1072 cm−1 to 1041 cm−1 attributed to strong drawing forces occurred in the electrospinning 
process which led to structural modification. 
 
Major peak shifts were observed in electrospun membranes containing the chitosan layer 
(Figure 5f-g). Overlapping of C-O and C-N stretching vibrations of chitosan and PAN increased 
the intensity of the peak at 1065 cm−1, while intensity reduced in characteristic peak of 
saccharide structure of chitosan at 1026 cm−1. Furthermore, intensity of CH2 symmetrical 
bending vibration of PAN at 1452 cm−1 along with C≡N stretching at 2242 cm−1 were decreased 
in electrospun membranes coated with the chitosan layer. These chemical interactions between 
PAN and chitosan macromolecules may lead to improvement in mechanical properties of 
PAN/Cs membrane.  
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Figure 5.FTIR spectra of: (a) PAN powder, (b) pure chitosan powder, (c) pure ZnO powder, (d) 
as-spun PAN nanofibers, (e) as-spun PAN/ZnO nanofibers, (f) as-spun PAN/Cs nanofibers, (g) 
as-spun PAN/ZnO-Cs nanofibers. 
 
Tensile tests 
 
Significant differences (p < 0.05) were observed for the respective mechanical properties, 
namely tensile strength, elastic modulus and elongation at break, among the four different types 
of membranes, i.e. PAN, PAN/ZnO, PAN-Cs and PAN/ZnO-Cs. The detailed results concerning 
the differences are discussed in the following paragraphs. Table 1 summarizes the results of the 
tensile tests.  
Addition of a chitosan layer (i.e. to PAN in the absence of ZnO) appreciably increases the 
tensile strength and elastic modulus of PAN membrane by 74% and 32%, respectively. As 
observed in the morphology discussion, chitosan nanofibers were positioned mostly in between 
a 
b 
g 
f 
e 
c 
d 
2242 1654 1026 1452 
1065 1590 
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the PAN fibers and created linkages between them, leading to enhancement in rigidity of the 
membranes as well as ease in stress transfer at the interface, implicating the respective increases 
in elastic modulus and tensile strength. However, tensile strengths of electrospun PAN and 
PAN/Cs membranes incorporated with ZnO nanoparticles are respectively 34% and 43%, lower 
than PAN membranes; the elastic moduli of these ZnO nanoparticles incorporated membranes 
are respectively 18 and 28% lower than PAN membranes. As mentioned in the morphology 
discussion, incorporation of ZnO nanoparticles led to formation of agglomerations on the surface 
of the PAN nanofibers. Existence of these clusters impaired the effective load transfer from the 
polymer matrix to the fillers by reducing the surface area in contract with nanoparticles and 
becoming the site of stress concentration, resulting in poor stress transfer at the interface and 
ultimately reduction of mechanical properties [34]. Moreover, agglomeration of ZnO 
nanoparticles would also lead to the disruption of PAN polymeric chains, reducing the rigidity of 
nanofibers. 
With regards to the elongation at break, incorporation of ZnO nanoparticles and addition 
of the chitosan layer to the electrospun PAN membranes leads to a composite membrane with 
reduced elongation at break as compared to PAN membranes. Thus the elongation at break for 
PAN/ZnO and PAN/ZnO-Cs are 70% and 60%, respectively, lower than PAN membranes. The 
fracture toughness (in terms of strain energy density) of the membrane are of order of one-half 
the product of tensile strength and elongation at break; for PAN, PAN/ZnO and PAN/ZnO-Cs 
membranes, order of magnitude estimates of the strain energy density to fracture yield 0.6, 0.1 
and 0.2 MPa, respectively. Thus, it can be seen that incorporation of 5 wt% ZnO nanoparticles 
dramatically reduces the fracture toughness of the membrane, attributing to the agglomeration of 
nanoparticles. On the other hand, it must be mentioned that PAN/ZnO-Cs membrane has almost 
similar tensile strength and elastic modulus with pure PAN membrane.  
 
Table 1.  Mechanical Properties of Electrospun Membranes 
 
Sample 
Tensile 
strength (MPa) 
Elastic 
modulus (GPa) 
Elongation at 
break (%) 
PAN 13.0 ± 0.7 0.56 ± 0.10 9.0 ± 1.6 
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PAN/ZnO 8.5 ± 1.3 0.46 ± 0.10 2.6 ± 1.2 
PAN/Cs 22.7 ±2.4 0.74 ± 0.20 8.5 ± 2.2 
PAN/Cs/ZnO 12.9 ± 1.8 0.53 ± 0.10 3.5 ± 1.3 
 
 
 
X-ray Diffraction (XRD) Analysis 
 
Crystalline structure of electrospun PAN membranes with chitosan layer and 
incorporated ZnO nanoparticles have been investigated using X-ray diffractograms and 
represented in Figure 6. PAN powder (Figure 6a) exhibited two equatorial peaks. The primary 
equatorial (100) peak at 2θ = 16.8⁰ corresponds to a spacing of 5.25 Å while the weaker 
reflection (110) at 2θ = 29.5⁰ corresponds to a spacing of 3.05 Å. The d-spacing ratio of these 
two peaks (1.72) is very close to √3:1 indicating hexagonal packing of the rod-like PAN chains 
[35]. Furthermore, chitosan powder (Figure 6b) exhibited a broad peak at 2θ = 10.9° 
(d = 8.110Å) and a strong peak at 2θ = 19.8° (d = 4.489Å). Moreover, ZnO powder (Figure 6c) 
showed three typical peaks at 2θ=31.5° (1 0 0) (d =2.831Å), 34.2° (0 0 2) (d =2.617Å), 36° 
(1 0 1) (d =2.488Å) indexing the hexagonal ZnO crystal structure while the sharpness of the 
peaks revealed a highly crystallized wurtzite structure [36]. 
XRD pattern of electrospun PAN membrane (Figure 6d) revealed the existence of PAN 
equatorial peak at 2θ = 16.8°. Electrospun PAN/ZnO membrane (Figure 6e) possessed both PAN 
and ZnO typical peaks. However, peak shifts were observed in ZnO peaks from 31.5° to 31.69°, 
34.2° to 34.36° and 36° to 36.23°, implying that the lattice constant of ZnO crystal has somewhat 
changed, possibly due to drawing forces applied during the electrospinning process. XRD 
patterns of electrospun PAN/Cs (Figure 6f) and PAN/Cs/ZnO (Figure 6g) membranes showed a 
broad peak at 2θ = 12.38° contributed by chitosan nanofibers (shifted from 2θ = 10.9°) as well as 
a weak reflection at 2θ = 16.8° attributed by PAN nanofibers. It must be said that typical peaks 
of ZnO were not detected in XRD pattern of electrospun PAN/Cs/ZnO membrane. This could be 
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attributed to high density of chitosan nanofibers which covered the PAN/ZnO nanofibrous 
membrane, leading to their absence in the PAN/Cs/ZnO diffractograms. 
Reflection peaks of all electrospun membranes (Figure 6d-g) were broad and weak 
compared to their raw materials, indicating that the crystalline microstructures of the electrospun 
membrane were not developed during the electrospinning process. The rapid evaporation of the 
solvent from the jet along with the rapid structure configuration, which occurs within 
milliseconds (~50 ms) leads to less developed structures in the fibers. The rapid solvent 
evaporation reduces the jet temperature and consequently, the molecules that are aligned along 
the fiber axis have less time to realign themselves, leading to less favorable packing. For the 
majority of semi-crystalline polymers, the stretched chains under high elongation rate do not get 
enough time to form crystalline lamellae, which yields to lesser crystallinity. Thus, the 
crystallinity in the fibers is thereby affected by the rate of solvent evaporation [37,38].  
 
Figure 6. X-ray diffraction patterns of: (a) PAN powder, (b) pure chitosan powder, (c) pure ZnO 
powder, (d) as-spun PAN nanofibers, (e) as-spun PAN/ZnO nanofibers, (f) as-spun PAN/Cs 
nanofibers and (g) as-spun PAN/Cs/ZnO nanofibers. 
34.2 36.0 31.5 16.8 19.8 
a 
b
c 
d 
e 
f 
g 
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Permeability and Porosity Analysis 
 
Pure water flux rates of electrospun membranes measured by dead-end filtration cell have 
been summarized in Table 2. Incorporation of ZnO into electrospun PAN membranes increased 
the water permeability by 71%. This could be attributed to the increase in the number of internal 
nanochannels due to inclusion of ZnO nanoparticles. Disruption of polymer chains resulted from 
incorporation of ZnO nanoparticles could introduce nanoscaled cavities which provide additional 
pathways for water permeation, leading to improvement in water permeability of membranes. 
Similar results were reported by Wang et al. [39] , indicating the improvement in water flux of 
electrospun PVA membranes by incorporation of multi-walled carbon nanotubes (MWNTs). 
Conversely, it can be seen from Table 2 that addition of the chitosan layer dramatically 
decreased the permeate flux (i.e. the volume flowing through the membrane per unit area per unit 
time) of electrospun PAN membranes by 97%. This could be due to low surface porosity of 
electrospun chitosan layer compared to electrospun PAN membrane which provides fewer 
accessible pores for water, resulting in reduction in permeate flux. In case of electrospun 
PAN/Cs/ZnO membrane, although addition of chitosan layer decreased the permeate flux, but 
existence of ZnO nanoparticles let to 400% increase in flux rate of this membrane compared to 
PAN/Cs membrane, attributed to increase in number of internal nanochanels due to incorporation 
of ZnO nanoparticles.  
 
Table 2 presents the porosity measurements of electrospun membranes. Porosity of 
electrospun PAN membrane was measured to be 75.4%, which is in the range of values reported 
in literature [40–42]. Addition of electrospun chitosan layer reduced the porosity value of 
electrospun PAN membranes by almost 12%. This was expected since addition of chitosan layer 
reduced the surface porosity of electrospun PAN membrane and reduced the gaps between fibers 
by providing linkages between them. It must be mentioned that incorporation of ZnO also 
reduced the porosity of PAN membranes by 1.2%, which could be considered negligible. 
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Table2.Porosity and pure water permeate flux of electrospun membranes. 
Sample 
Thickness 
(mm) 
Pure water Flux 
(L.m-2h-1) 
Porosity 
(%) 
PAN 0.042 12244 75.4 
PAN/ZnO 0.050 20991 74.2 
PAN/Cs 0.062 293 63.7 
PAN/Cs/ZnO 0.072 1469 61 
 
 
 
Heavy metal ion adsorption 
 
Heavy metal ion adsorption properties of electrospun membranes have been shown in 
Table 3. Incorporation of ZnO nanoparticles to electrospun PAN membranes improved the Cr 
(III) removal efficiency from 4 to 34%. This could be explained by Cr (III) attraction to negative 
sites on surface hydroxyl groups of ZnO [43, 44]. Additionally, adsorption of Cr (III) ions might 
take place when they move through either the pores of ZnO mass or through channels of the 
crystal lattice [45]. Hence, polar nature of ZnO surface (positively charged Zn ion and negatively 
charged O-ion) as well as their porous structure are the main parameters in adsorption properties 
of ZnO [46]. In a similar study performed by Hallaji et al. [47] electrospun polyvinyl alcohol 
(PVA) membranes reinforced by ZnO nanoparticles were utilized for adsorption of heavy metals 
from aqueous solution. Results indicated that the membrane had the capacity values of 370.86, 
162.48 and 94.43 mg/g for sorption of U(VI), Cu(II) and Ni(II) ions, respectively. These results 
along with results obtain in this research indicates the high potential of electrospun membranes 
reinforced by ZnO nanoparticles to be used in water filtration applications. 
Similarly, addition of chitosan layer to electrospun PAN membranes increased the Cr 
(III) removal efficiency to 43%. This could be attributed to high surface area, inter and intra 
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pores, as well as large number of the chelating groups of chitosan. It has been reported that 
chitosan has the highest chelating ability in comparison to other natural polymers owing to the 
amine and hydroxyl functional groups in its structure [48]. More specifically, the amine group 
(—NH2) as one of chitosan organic compounds, is known to be very effective in removing heavy 
metals via chelating cationic metal ions and/or adsorbing anionic metal species through 
electrostatic interactions with protonated amino groups (—NH3+) or via hydrogen bonding 
[45]. Adsorption properties of electrospun chitosan membranes have been widely studied 
previously [49,50]. For instance, Haider et al. [20] examined the Cu(II) and Pb(II) adsorption 
performance of electrospun chitosan membranes. Results indicated high adsorption capacity of 
chitosan membranes which could be applied to adsorb (or neutralize) toxic metal ions and 
microbes. 
Electrospun PAN/Cs/ZnO membrane has the highest adsorption performance among the 
tested membranes in this study with removal efficiency value of 75%. As discussed in detail 
earlier, both chitosan and ZnO have significant adsorption properties. Therefore, this membrane 
benefited from the combination of adsorption mechanisms which have been provided by both 
chitosan and ZnO.  
 
Table3. Adsorption Performance of Electrospun Membranes 
 
Membrane Removal efficiency (%) 
PAN 4 
PAN/ZnO 34 
PAN-Cs 43 
PAN/ZnO-Cs 75 
 
 
 
Bacteria Filtration 
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Figure 7 shows bacteria filtration performance of electrospun membranes. Log reduction 
value of electrospun PAN membrane was around 4 for both E. coli and E. faecalis. It is known 
that E. coli has a cylindrical shape with a longitude length of 1.5 µm while cocci shaped 
E.faecalis is 1µm long with diameter of 0.6 µm [51]. Entrapment of bacteria cells is the key 
filtration mechanism in electrospun PAN membranes, since the average pore size of this 
membrane (300-700 nm) is smaller than the size of both bacteria types. Dramatic improvements 
in bacteria filtration performance were observed in electrospun membranes with chitosan coating 
layer. For instance, electrospun PAN/Cs membrane exhibited log reduction of 6.6 and 6.2 against 
E.coli and E.faecalis, respectively. These values indicate that PAN/Cs membrane displayed 
excellent bacteria filtration performance, leading to reduction in initial bacteria concentration by 
more than 99 %. As mentioned in the section on morphology, chitosan nanofibers provide 
linkages between PAN nanofibers, which lead to reduction in surface porosity of the membrane. 
Hence, electrospun membranes with chitosan layer have smaller pore sizes (Table 2), leading to 
improvement in their filtration performance exhibited through size exclusion mechanism. 
However, it can be seen that incorporation of ZnO nanoparticles to electrospun PAN and 
PAN/Cs membranes somewhat reduced the bacteria filtration performance of these membranes. 
This could be attributed to the inhomogeneity and reduced rigidity of the PAN fibers due to ZnO 
agglomeration, implicating the possible formation of additional pathways for bacteria which 
facilitated their movement through the membrane. 
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Figure 7. Bacteria filtration performance of electrospun membranes. (the argument in LRV is 
unitless because it is a ratio) 
 
 
 
 
 
 
 
 
 
Figure 8 shows the FESEM micrographs of trapped E.coli and E.feacalis on the 
electrospun PAN and PAN/ZnO-Cs membranes. As shown in Figures 8b and d, larger bacteria 
population was observed on the PAN/ZnO-Cs membranes in comparison to PAN membranes 
(Figure 8a,c), indicating the significant improvement provided by chitosan layer in filtration 
performance of membranes. 
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Figure 8.FE-SEM micrographs of electrospun (a) PAN and (b) PAN/ZnO-Cs membranes after 
filtration of E.coli along with micrographs of electrospun (c) PAN and (d) PAN/ZnO-Cs 
membranes after filtration of E.feacalis. 
 
Antibacterial analysis 
 
Figure 9 shows time-kill curves of electrospun membranes against E. coli. It is seen that 
the LRV increases with time; the increase is most rapid for PAN/ZnO-Cs, followed by 
PAN/ZnO, PAN-Cs and PAN membranes. However, only the LRV for the PAN/ZnO-Cs and 
PAN/ZnO membranes converges to a constant by the end of the 24-h experiment. By fitting a 
a b 
c d 
10.0 µm 10.0 µm 
5.0 µm 10.0 µm 
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simple threshold model to the converged curves, it was found that the tipping point, leading to 
the reduction in the bacteria population, is 2 h and 4 h for PAN/ZnO-Cs and PAN/ZnO, 
respectively. Thus, the PAN/ZnO-Cs exhibits the best antibacteria action, followed by PAN/ZnO 
membrane. On the other hand, the (pure) PAN membranes (as well as the PAN-Cs) appeared to 
have very little antibacteria effect. This was to be expected since these membranes do not have 
any known mechanism to kill the bacteria. Therefore, under the application conditions, 
microorganism species can readily contaminate PAN membranes, resulting in serious 
microorganism buildups. Of note, addition of the chitosan layer to electrospun PAN/ZnO 
membranes resulted in 2 orders of magnitude increase in LRV at 4 h; in other words, the 
reduction in bacteria concentration after 4 hours is 2 orders of magnitude greater than the 
PAN/ZnO membrane. This is due to interaction between positive charges presented by the amine 
functionalities of chitosan and negatively charged microbial cell membranes, which leads to the 
leakage of proteinaceous and other intracellular constituents in bacteria and eventually cell death. 
 
Dramatic improvement in antibacterial performance of the membranes was observed by 
incorporation of ZnO nanoparticles. Electrospun PAN/ZnO membranes caused 6 orders of 
magnitude reduction in bacteria concentration after 8 hours of contact time (more than 3 orders 
of magnitude occurred after the first 3 hours of the contact). Three mechanisms have been 
suggested to contribute in antimicrobial properties of ZnO nanoparticles. Highly active free 
radicals such as hydroxyl radicals (OH), superoxide anion (O2
−) and perhydroxyl radicals (HO2) 
are formed from electron–hole pairs generated by ZnO nanoparticles under light (both UV and 
visible light) irradiation[55]. These radicals are capable of penetrating into the bacterial cells and 
cause complete destruction. Alternatively, the release of Zn2+ ions may interact with microbial 
membrane to cause structural change and permeability, as well as interacting with microbial 
nucleic acids to prevent microbial replication[24]. Furthermore, electrostatic force between the 
negatively charged bacteria cells with positive sites of ZnO nanoparticles could result in cell 
membrane damage. Of these mechanisms, the most likely explanation for the antibacterial 
activity of PAN/ZnO membrane is the presence of active radical oxygen species of superoxide 
anion (O2
-) and their strong oxidizing interactions with bacterial cells. 
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Moreover, existence of both chitosan layer and ZnO nanoparticles in electrospun 
PAN/ZnO-Cs membrane has further improved the antimicrobial efficacy. On one hand, ZnO 
nanoparticles are potent antimicrobial agents that are able to kill microbial cells and on the other 
hand, the amidoxime groups on the chitosan layer possess antimicrobial functionality through 
their ionic inter-actions with negatively charged surface of bacteria. Therefore, the combination 
of amidoxime functional groups and ZnO nanoparticles into one membrane provided synergetic 
effects on antibacterial efficacy. 
In this study, the concentration of bacterial challenge was significantly greater than any 
condition present in natural environmental situations, signifying that the reduction observed 
within the 24-h time period may be translated to a dramatically extended filter lifetime for real-
world conditions. 
 
 
Figure 9. Time-kill curves of electrospun membranes against E. coli. (the argument in LRV is 
unitless because it is a ratio) 
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CONCLUSION 
 
Electrospun nanofibrous membranes were successfully fabricated by polyacrylonitrile 
(PAN) functionalized by zinc oxide (ZnO) nanoparticles and a layer of electrospun chitosan (Cs). 
In order to evaluate the effect of ZnO and Cs on properties of electrospun PAN membrane, their 
morphology, mechanical stability and water filtration performance were characterized. 
Morphological analysis revealed the highly porous structure of nanofibrous PAN membranes 
while the thin layer of Cs coating displayed a less fibrous but smooth structure. Mechanical 
properties revealed that addition of the Cs layer increased the tensile strength and young modulus 
of the PAN membranes by 74% and 32%, respectively. Furthermore, incorporation of ZnO 
nanoparticles along with Cs layer increased the Cr (III) adsorption of the PAN membranes and 
led to a removal efficiency of 75%. Moreover, bacteria filtration via PAN/Cs membranes 
achieved values higher than 6 log reduction towards Escherichia coli and Enterococcus faecalis, 
while antibacterial assay demonstrated that PAN/ZnO-Cs membranes exhibits antibacterial 
action and completely killed all the bacteria in the first 3 hours. This indicates the self-cleaning 
property of PAN/ZnO-Cs membranes to remove bacteria upon filtration and reduces membrane 
biofouling resistance. Furthermore, results acquired from water permeability test indicated that 
the prepared membranes possessed adequate transport properties for typical membrane 
applications, which signifies the potential of these membranes to be used for water filtration 
applications, although further studies required in order to fabricate these membranes in an 
industrial scale.  
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